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Abstract
An N-dimensional parameter scanner for the systems code PROCESS is de-
veloped and presented. Systems codes are used to study possible nuclear fusion
reactor designs. Many systems codes use parameter scan functions to perform
design window analysis and determine the overall design sensitivity to indi-
vidual parameters. PROCESS could previously only perform one-dimensional
parameter scans. In this report, a N-dimensional parameter scanner is de-
veloped and preliminary results of its application are presented. The results
demonstrate the ability of PROCESS to produce Plasma Operation Contour
(POPCON) plots and to model the effects of helium dilution in plasmas and its
effect on the ignition region, as well as a verification of the N-dimensional Pa-
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Introduction
Investigation into nuclear fusion as a potential energy source dates back to
the 1950s. While harnessing nuclear fission as a power source only took a few
short years, research into nuclear fusion as a viable power source is still well
underway decades later, with hundreds of researchers at institutions around
the world working every day to make viable fusion power plants a reality.
While advances in fusion research are being made all the time, there are
major progress bottlenecks. Much like in the field of high-energy particle
physics, the construction of experimental apparatuses to verify or challenge
theories takes decades of thorough planning, hundreds of millions of dollars,
and and the pooled intellectual resources of many of scientists and engineers.
As a result, sequential experimental fusion reactors are planned in parallel.
While ITER, which will be the world’s largest Tokamak nuclear fusion reactor,
is under construction presently, planning is already underway for DEMO, a
proposed reactor which will follow ITER. DEMO construction is currently
planned to begin midway through ITER’s lifetime.
This task of designing machines decades in advance of their operation is
complicated by the fact that advances in plasma control technology are difficult
to predict. Since the experimental goals of DEMO are also not fully decided
yet, they also need to be able to maintain several design options for DEMO,
which may trade financial or time investment.
Specialized software called ’systems codes’ provide an answer to these chal-
lenges. A systems code is a numerical software that models an entire fusion
power plant at once by considering many different submodels in a simplified
form, ’from basic plasma physics to the generation of electricity’ [2]. Systems
codes let researchers determine what designs are physically possible through
dozens of mathematical self-consistency checks which run as part of normal
systems code use.
The systems code which is the focus of this work is called ’PROCESS’.
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PROCESS began under the name TETRA and originates from the Oak Ridge
National Laboratory, Tennessee, USA. Development and maintenance has since
been taken up by the Culham Centre for Fusion Energy (CCFE) in Oxford,
UK. PROCESS benefits from a highly mature and modular code base, having
been in development for years, and has been kept current with developments
in technology and advances in understanding [1].
PROCESS works by considering an entire design at once and then altering
certain aspects of the design in compliance with the goals of the user. The
typical procedure for the use of systems codes are as follows: The user of a
systems code begins with an already-existing basic reactor design, described
by the user to the program as a list of engineering and physics parameters.
The user then specifies certain free, or ’iteration’ variables which the program
is allowed to alter, and specifies all others as fixed. The user may also im-
pose certain critera, such as a minimum fusion power, or a maximum cost
of electricity. The user finally instructs the program to optimize the initial
design for some parameter of interest (the ’figure of merit’). Then, using nu-
merical analysis, the program will attempt to optimize the design by adjusting
the iteration variables while meeting physical self-consistency checks and the
constraints the user may have imposed. The results are then returned, along
with an indicator that the solution was feasible (self-consistent) or unfeasible
(impossible to build in reality) [2].
The focus of this report is the extension of PROCESS functionality via
the development of an external tool which directs N-dimensional parameter
scans. Chapter 1 gives greater background to systems codes and explains
more about the use of PROCESS. Chapter 2 describes the design philosophy
of the work and outlines the goals which follow. Chapter 3 contains the results
of verification and application tests of the N-dimensional parameter scanner
Chapter 1
Systems Codes and Parameter
Scans
This chapter is intended to place PROCESS in the wider context of other
systems codes in the systems studies subfield of plasma physics. This section
includes an explanation of PROCESS’ role in the systems studies community,
a summary of how parameter scans are used in other systems studies, and an
overview of the current state of parameter scans with PROCESS (that they
are only possible in 1 dimension).
1.1 Systems Codes Overview
Many different systems codes exist for modeling of future fusion power plants.
Two commonly used systems codes will be presented below in addition to
PROCESS to give greater context to PROCESS in the wider systems studies
field, and to demonstrate the advantage of a parameter scanner for PROCESS.
• ARIES: One paper focusing on ARIES describes it as follows: “The
Advanced Reactor Innovation and Evaluation Study... is a national,
multi-institutional research program, which performs progressive, inte-
grated design studies of the long-term fusion energy devices for general
consumer utilities.The goal of this activity is to identify key research
and development (R&D) directions and to provide visions for the US fu-
sion program.” [3] ARIES is based on advanced technology assumptions
and models compact Tokamak reactors with the intent of commercial
application and power generation.
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• HELIOSCOPE: The title stands for ’Heliotron System Design Code
for Reactor Performance Evaluation’ [4]. Unlike ARIES, HELIOSCOPE
models fusion power plants based on the heliotron concept like the Large
Helical Device (LHD) in Japan.
• PROCESS PROCESS was originally developed to model a ’broad range
of Tokamak possibilities’, but thanks to the efforts of Warmer et al [6], is
now the only systems code which can model Helical Advanced Stellarator
(HELIAS) machines. PROCESS offers advantages over other systems
codes for several reasons. As mentioned in the introduction, PROCESS
comes from a mature and modular code base. PROCESS, due to its
development over decades, has also become highly modular by necessity
in order to remain current with the latest advances in plasma technology
research.
1.2 Parameter Scans in Systems Codes
In this section, an overview of parameter scans of ARIES and HELIOSCOPE
will be given, followed by a description of the current state of parameter scans
in PROCESS.
1.2.1 Parameter Scans in ARIES and HELIOSCOPE
One critical use of systems codes is to conduct ’systems studies’, in which
a large number of different machine design points are evaluated in order to
obtain more information in choosing candidate designs for DEMO or future
reactors. When analyzing a single design, systems codes work by varying a
number of free parameters while holding other parameters constant. A param-
eter scan operates by calling the code repeatedly while altering fixed param-
eters of interest. This can be used to determine the sensitivity of the overall
design with respect to parameters of interest. One application of this is to use
only operation-based variables such as plasma beta or temperature as iteration
variables, and to vary engineering-based parameters for the scan. This allows
exploration of the operating potential of a static machine.
Parameter scanners are standard functionality for ARIES and HELIO-
SCOPE, and have been used to conduct large-scale systems studies. A visu-
alization of an ARIES design window can be seen below in figure 1.1. Figure
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1.1 shows the effects of major radius, peak heat flux on divertor, and plasma
core radiation fraction on the cost of electricty. A second visualization of a
design window from HELIOSCOPE in figure 1.2 shows how an ideal design or
operating point can be visually represented after an extensive parameter scan,
by varying major radius and toroidal magnetic field and plotting isocontours
of other relevant variables.
Figure 1.1: Output of a parameter scan from ARIES demonstrating the cost
of electricity across hundreds of candidate design points. Figure from [3].
Figure 1.2: Design window analysis. The star suggests an optimal design and
operating point at the intersection of favorable operating parameters. Figure
from [4].
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1.2.2 Parameter Scans in PROCESS
As mentioned previously, PROCESS is well established in the international
systems code community, as PROCESS can consider a broad range of Toka-
mak possibilities and also HELIAS [6]. This allows not only for unique systems
studies of HELIAS machines, but also for comparative studies between Toka-
maks and HELIAS devices within the same framework of PROCESS [10].
Previously, no way of conducting parameter scans of 2 or more dimensions
was available in PROCESS. A one dimensional sweep function is a supported
feature, but only works for 29 variables [2]. A 2-Dimensional scan tool existed
but is no longer supported with the current library. This makes conducting
thorough systems studies very time consuming, and motivates the develop-
ment of the N-Dimensional scanner. The development of a parameter scanner
would allow users to more efficiently determine the sensitivity of Tokamaks
and HELIAS machine designs to individual physics and engineering parame-
ters. It would also allow for easier comparative studies between Tokamaks and
Stellarators within the same framework of PROCESS.
1.3 Workflow
The current workflow of PROCESS (Figure 1.3) is sufficient for evaluating
and optimizing individual design points. However, for comprehensive systems
studies involving hundreds or thousands of candidate machine designs, it is
extremely time consuming. There are several reasons for this. PROCESS only
accepts one input and produces one design point, and the 1-dimensional scan-
ner only supports 29 variables, so an N-dimensional scan would need to be
conducted manually by adjusting the input file many times. This would then
scale in complexity with the number of dimensions and evaluations required.
Furthermore, no tool exists for converting the machine-readable output from
PROCESS into a standard format which is compatible with high level pro-
gramming languages, such as C++, MATLAB, or R. With a scan consisting
of thousands of evaluations, managing the data would be as prohibitively com-
plicated as producing it.
1.3. WORKFLOW 13
Figure 1.3: The current workflow of PROCESS.
Chapter 2
Design Philosophy and Goals
The primary goal driving the work of this report was to create a tool which
would become a part of the standard PROCESS utility library for
all users in the international community. To this end, the utility would
have to be developed in close collaboration with the CCFE team, be future-
proofed, accessible and user-friendly, and produce output which can be used
in a wide variety of user workspaces.
Each of these three aims are addressed in the following sections.
2.1 A Standard Utility
The CCFE team maintains a library of Python utilities in addition to the
code base of PROCESS which make interfacing with the different parts of the
program simpler for the user [2]. The parameter scanner made extensive use of
these libraries, and was designed to be integrated with them. The development
was therefore carried out in close collaboration with CCFE.
A preliminary release of the utility weeks before the end of the project
duration also allowed for iterative feedback on individual features from the
CCFE team. This helped to ensure that all features of the parameter scanner
suite were understood by a test group and were easily accessible. The user
documentation was also provided to help become acquainted with the software.
Further, efforts were made during development to ’future-proof’ the code so
it would be easily adaptable to future development goals, such as creation
of a GUI. The details of their implementation are beyond the scope of this
document.
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2.2 Ease of Access
In order to facilitate usage in the international PROCESS user group, the
N-dimensional parameter scanner was designed for easy use. This meant min-
imizing the required number of interactions to obtain results between the user
and the program.
After the appropriate setup, a simple scan can be configured and executed
straightforwardly. This was accomplished by making the scan be determined
solely by one configuration file. The configuration file is highly scalable. A
configuration can be as short as 4 lines describing a simple 1-Dimensional
scan, or contain dozens of lines of descriptive information evoking nuanced
and powerful options for the user. Many optional features were included in
the parameter scanner, all of which with default settings so that they can be
omitted from the configuration file for easier use. The decision was made to
write the configuration files in the JSON format [9]. The JSON format is a
standard for data formatting intended for machine readability without sacri-
ficing human accessibility. The machine readability allows one to implement
new features into the configuration file without having to significantly modify
the parser.
2.3 Ease of Data Processing
Since PROCESS produces over 500 stored parameters per individual call and a
given parameter scan can comprise a large number of calls, an extraction tool
was also developed to produce NetCDF format files from the parameter scans
[5]. The NetCDF format was initially developed for atmospheric research; the
primary advantage it offers is its ability to store variables which are dependent
on an arbitrary number of dimensions, which is well suited to the task of
determining how optimal machine parameters vary in response to changes in
fixed parameters.
Furthermore, the NetCDF format has been in use for years. Documentation
and support for it is widely available. NetCDF is also compatible with many
high-level programming languages, such as C++, IDL, Perl,Python, MAT-
LAB, R, and Ruby, making analysis and visualization of the data flexible.
In addition to the benefits NetCDF brings to the overall PROCESS work-
flow, a simple visualization tool was developed which can parse simple 2 di-
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mensional contour or scatter plots for NetCDF files produced by the scanner.
It also supports a simple tool to help determine global extrema of scans with
3 or more dimensions and to determine what 2d ’slices’ of data are of most
interest to the user.
2.4 New Workflow
The new workflow diagram following from these aims can be seen in Figure
2.1. This workflow produces efficient systems studies and allows for quicker
verification of PROCESS’ physics modules, by evaluating design points under
a wide range of engineering and operating conditions. Data analysis is made
much easier by the addition of a standardized way to extract and package data
in a compressed and portable NetCDF format.
The N-dimensional parameter scanner includes as a part of its software
suite a standard tool for extracting variables of interest from the many output
files produced and storing them in a NetCDF format file, which is a “set of
software libraries and self-describing, machine-independent data formats that
support the creation, access, and sharing of array-oriented scientific data.” [5].
explained further in 2.3.
The new workflow which the N-dimensional parameter scanner is described
in Figure 2.1 in Chapter 2.
During the course of development it was noticed that the N-dimensional
parameter scanner could produce better results by adjusting behavior in re-
sponse to data from previous runs. This was implemented in two ways: as a
function which ’smoothed’ the iteration variables in successive calls by using
previous successful runs as a starting point for the optimization solver, and by
re-running the numerical solver with different initial iteration variable values
if the program fails to find a feasible solution. The results from testing the
smoother are explained in Section 3.1.4.
More detailed documentation on the use of the N-Dimensional scanner can
be found in the respective user guide.
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In this chapter, three preliminary results will be presented.
1. 1-D Benchmark: A benchmark comparison between the N-Dimensional
scanner running in the 1-Dimensional scan case versus the built in 1-
Dimensional sweep function. This comparison found that while the scan
took longer to run, the optimization results were almost identical. Fur-
ther, the N-Dimensional scanner offers advantages in data management,
and can achieve a smoother parameter space using the variable smoother
option.
2. POPCON: Generation of Plasma OPeration CONtour (POPCON)
plots using the N-Dimensional scanner and PROCESS. We produced
these plots for a HELIAS machine and also produced a visualization of
a possible optimal start-up path (a so-called ’Cordey Pass’).
3. Dilution: D. Reiter et al in 1990 [7] demonstrated that increased helium
dilution in plasma causes the ignition window in a POPCON plot to
contract and eventually ’close up’. A similar result was found in our
studies, by correlating the ratio of alpha confinement time to energy
confinement time with a contracting ignition window.
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3.1 1-Dimensional Scan
For the remainder of this section, the N-Dimensional parameter scanner being
used in the 1-dimensional case will be referred to as the “1-D Scan”, and the
built-in 1-Dimensional sweep PROCESS function will be referred to as the
“1-D Sweep” for easier differentiation.
In order to validate the N-dimensional parameter scanner a comparison
study was conducted with the N-dimensional parameter scanner and the 1-D
Sweep with identical initial configuration. In order to do this, an input file
was used with 18 iteration variables with a scan along 1 dimension, namely
major radius, chosen for its broad relevance to many physics and engineering
processes. 200 evaluations were performed, and the individual calls were timed.
3.1.1 Time
The time elapsed for various 1-D Scans and 1-D Sweeps are plotted below in
figure 3.1. The time elapsed for the 1-D Scan was much greater than for the
1-D Sweep.
Figure 3.1: The time elapsed for a 1-D Sweepand 1-D Scan, showing the greater
time requirement for the scan utility.
Timing and close attention paid to the mechanisms behind this showed
that the majority of the time difference comes from the fact that the 1-D
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Sweep, being a built-in PROCESS function, makes the variations in the fixed
parameter from within PROCESS without closing and re-instantiating the
entire program. The 1-D Scan, in contrast, alters the input file and then calls
PROCESS (which then requires instantiation, the evaluation itself, and the
program closing) for each and every evaluation in the scan.
3.1.2 Data
The raw output from PROCESS in the 1-D Sweep takes the form of one
machine-readable output file containing the full information from each of the
200 evaluations. The raw output from the 1-D Scan is 200 separate machine-
readable files (one for each evaluation). For this reason, as seen in the table be-
low, the data taken up by the raw output from the 1-D Scan is only marginally






200 16004 kb 16804 kb 64 kb
Table 3.1: A comparison of the data sizes of each output.
A demonstration of the compression that the NetCDF format offers is also
included. Because PROCESS works to alter a certain number of iteration
variables (in this case, 18) a NetCDF file was created that contained only
the 18 iteration variables, the optimization parameter, and an integer which
serves as a flag to the feasibility of the solution. In total, these 20 data pieces
across 200 evaluations take up only 64 kilobytes in the NetCDF format. In
conjunction with the input file, which defines all of the fixed parameters, the
scan can be easily re-created. For example, the value of major radius which
corresponded to an interesting value of the optimization parameter, as well as
the value of each associated iteration variable, can be input to PROCESS in
a new input file to re-create all of the 500+ other data points associated with
each call.
3.1.3 Results
On page 22, Figure 3.2 contains four plots of the results from the 1-D Sweep and
1-D Scan, demonstrating the differences between the optimization parameter
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(cost of electricity) and between several iteration variables. The 1-D Sweep
and 1-D Scan returned the same results upon repeat calls.
The differences were concluded by the author to be negligible for several
reasons and are detailed in Figure 3.2.
First, PROCESS is a numerical solver which explores parameter spaces
with potentially many dimensions, and the optimization parameter often has
nonlinear relationships with each iteration variable. In this case, 18 iteration
variables yielded an 18 dimensional parameter space. It sometimes happens
that PROCESS settles upon a local minimum of the optimization parameter
which is not the global minimum, as finding the global minimum would be
too time-consuming for a shallow complicated parameter space. As a result,
different minima were found by the 1-D Sweepand 1-D Scan, and different
iteration variable values were found for the same optimization value.
Second, PROCESS stores the data up to three significant figures, and the
variations in the cost of electricity were never more than .1 or .2 in dollars per
kwh between the 1-D Sweep and 1-D Scan. Some of these differences are thus
attributable to more insignificant differences which were rounded up or down.
Third, the 1-D Sweep operates by calling the same functions within one
PROCESS instance however many times is necessary for the sweep. The N-
dimensional parameter scanner instantiates PROCESS and closes it for each
evaluation. Thus, subtle differences in the behavior may be determined by
slight differences in internal function, as FORTRAN may be re-using certain
values internally between numerical function calls to save time.
Ultimately, these small differences are enough to conclude that the N-
dimensional parameter scanner can satisfactorily recreate the function of the
1-D Sweepin the single dimensional case.
3.1.4 Smoothing
One of the tools developed for the N-dimensional parameter scanner is a simple
iteration variable ’smoother’, an optional feature for parameter scans. The
function of the feature is to take iteration variables from previous successful
optimization calls as starting values for for the next optimization call. The
motivation for this feature was to create more quantitatively smooth parameter
spaces and to test the numerical solver (to see if different local extrema as
mentioned previously could be found).
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Figure 3.2: Values of the optimization parameter and selected iteration
variables are shown across a 200-evaluation 1-Dimensional sweep and 1-
Dimensional scan.
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The smoother was found in the same tests shown in Figure 3.2 to reproduce
roughly the same results, which are shown in Figure 3.3.
Figure 3.3: The same scan conducted in 3.4 with the 1-D Scan running with
iteration variable smoothing. No discernible differences were found.
This feature was also tested in the one-dimensional case by scanning across
electron temperature for a Tokamak machine. The results are plotted in figure
3.4, where the points generated without variable smoothing are represented
contrarily as ’coarse’. Substantial gains in time elapsed were made: a 200-point
scan of major radius took 320 seconds when not smoothed, and 200 seconds
when smoothed. This difference is attributed to the optimization solver having
to spend less time adjusting iteration values from the initial value prescribed
in the input file when instead starting from a previously optimized solution,
as the adjustment of a fixed parameter in between causes the location of the
extrema to shift in the parameter space.
Furthermore, the smoothed data was found to avoid unfeasible solutions,
causing the numerical code to find a solution where it previously could not by
starting from different points in the parameter space. In half of all 100 points
represented, the smoother obtained equal or lesser cost of electricity. Further,
the smoother caused PROCESS to avoid all 10 unfeasible points.
When applied to larger parameter scans, this feature may therefore result in
smoother design window design point spaces, faster results, and more feasible
solutions.
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Figure 3.4: The cost of electricity was optimized for a scan along electron
temperature. The spikes in the ’coarse’ data set represent unfeasible points.
3.2 Generation of POPCON Plots
In this section, PROCESS was applied using the N-dimensional parameter
scanner to generate Plasma OPeration CONtour plots. POPCON plots were
successfully generated for Stellarators across 4 different machine designs, differ-
entiated only by major radius and toroidal magnetic field strength. From these
plots, the ignition window, plasma operating space, and an optimal startup
path are visualized.
3.2.1 Motivation
Plasma Operation Contour Plots were first described by Houlberg et al [8] in
1982. The original text states that POPCON plots are
“A method of analysing plasma performance over large regions of
density and temperature space with time-dependent multi-dimensional
transport codes...The contour plot method of analysing plasma per-
formance is a particularly useful tool for reactor design. The re-
lationships between driven and ignited operation can be examined
for steady-state operation.”
The generation of POPCON plots using PROCESS can therefore offer in-
sights into the machines that the code describes and allow new ways of val-
idating PROCESS. The N-dimensional parameter scanner provides a tool to
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Figure 3.5: A POPCON plot from Houlberg et al. [8]
generate these plots, as a scan can be conducted across temperature and den-
sity to visualize the same operating space that POPCON plots are created to
describe. Further, access to full information about the heating power in the
simulation allows for determination of the optimal startup path through the
operating space.
3.2.2 Methodology
PROCESS was ran in HELIAS mode to generate Stellarator design points.
Each individual plot represents one machine, and is made up of a 2-Dimensional
scan along plasma temperature and density as fixed parameters. The input
file used was set to minimize injection power by varying the plasma beta and
heating power. The variables of interest which were extracted into the NetCDF
file were heating power, radiation power, and alpha power. Heating power was
then plotted against temperature and density in contour plots generated in
MATLAB, see Figure 3.6.
In addition, attempts were made to determine the optimal startup path (the
path which requires the least heating power, known as the Cordey pass). the
26 CHAPTER 3. RESULTS AND APPLICATION
Cordey pass shown on each of the POPCON plots which follow were generated
dynamically in MATLAB. Some simplifying assumptions were made in order
to save time- the paths in each case were not exhaustively determined to be
the globally optimal startup path. A simple greedy algorithm was used to
explore the operating space. All ’steps’ in the parameter space required either
an increase in density, temperature, or both. The direction of the step taken
was decided by whichever neighboring point had the lowest heating power.
This results in a path consisting of locally optimal choices, which may not be
the globally optimal path. For example, the results are limited by resolution.
The primary result for the POPCON section comes from a 2× 2× 20× 20
scan conducted along major radius, toroidal magnetic field, electron tempera-
ture, and density respectively.
3.2.3 Discussion
Figure 3.6 shows POPCON plots generated for four different HELIAS ma-
chines. The differences between individual machines are in major radius and/or
toroidal magnetic field.
The ignition window (white) is indicated by a region of zero heating power
in the upper right of each plot. It clear to see that the region of ignition is
larger and extends into plasmas of lower density and temperature for larger
machines with stronger magnetic field confinement. This result agrees with
most POPCON analysis of HELIAS machines. A Cordey pass also draws
attention to the path of minimum required heating power. This path roughly
corresponds with a linear path through the operating space from the low-
density, low-temperature region to ignition.
The Cordey Pass from each of the plots on in Figure 3.7 is visualized in
the plots in figure 3.7.
One may note that the alpha power increases rapidly as the path approaches
ignition, and that the minimum required heating power (the maximum heating
power of steps on the Cordey pass) decreases with a stronger magnetic field
and a bigger overall machine. This is also in agreement with existing evidence
[7].
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(R,Bt)=(22, 5) (R,Bt)=(22, 5.5)
(R,Bt)=(20, 5) (R,Bt)=(20, 5.5)
Figure 3.6: Array of POPCON plots generated for 4 different machines, differ-
ing by (Major Radius, Toroidal Magnetic Field). The temperature and density
ranges are the same on the X and Y axes. A contour enclosing a region in the
upper-right denotes the ignition window (white).
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(R,Bt)=(22, 5) (R,Bt)=(22, 5.5)
(R,Bt)=(20, 5) (R,Bt)=(20, 5.5)
Figure 3.7: Array of Cordey Pass plots generated for 4 different machines, dif-
fering by (Major Radius, Toroidal Magnetic Field). The X axis represents steps
along the Cordey pass. The Y axis represents power in Megawatts. Minimum
required heating power is indicated on each plot (MHRP) in Megawatts.
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POPCON plots were successfully generated for Stellarators that agree with
existing evidence [7].
Successful plots have not yet been generated for Tokamak machines. It
was difficult to get PROCESS to successfully find feasible solutions for reasons
that are under investigation.
Problems were also encountered at the extreme boundaries of temperature
and density. One indication is that many POPCON studies use simplified
algebraic models to generate their plots, while PROCESS considers an entire
fusion reactor with full physics and engineering consistency checks. Because of
the increased rigor of the PROCESS models, unfeasible solutions were detected
that cannot be found in simpler models.
Other problems were also encountered with determining where ignition
occurred. PROCESS can run in an optimization mode which assumes that
ignition has not occurred, or in a mode which assumes an already-ignited
plasma. Because part of the motivation behind POPCON plots is to gain
insights into the regions of operating space where plasmas are not ignited,
PROCESS was called in nonigniti on mode for all of the scans conducted for
POPCON plots. For this reason, it is inferred that ignition occurred because
of the failure to find a positive heating power- meaning that the plasma can
maintain itself.
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3.3 Helium Dilution Effects
In this section, PROCESS was applied using the N-dimensional parameter
scanner to try to replicate one of the main results of a study by D. Reiter et al
[7], which showed that the ignition window contracts with increasing helium
dilution in a plasma (Figure 3.8) as measured by the ratio ζ of alpha particle
confinement time τα to energy confinement time τE (Equation 3.1). This result
was successfully replicated, and it was shown that there is a correlation between






Figure 3.8: A primary result of the study from Reiter et al [7]. The ignition
window is seen to contract with increasing ratio of alpha confinement to energy
confinement (notated here as ρ but in this as ζ).
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3.3.1 Motivation
The study by Reiter [7] was used as reference in order to measure PROCESS’
ability to model the effects of plasma dilution. Work is being done by the CCFE
team to improve PROCESS’ capabilities in modeling radiation and impurity
behavior, so this study would help explore the ability of the N-dimensional
parameter scanner to survey the behavior of PROCESS. The N-dimensional
parameter scanner utility presented an opportunity to study this effect by
gathering a large amount of dilution data over a wide variety of physics and
engineering conditions in PROCESS. It therefore became possible to study the
behavior of PROCESS in many different operating and machine contexts, in
this case with increasing alpha concentration.
3.3.2 Methodology
The motivating study [7] relied upon an algebraic argument to show how he-
lium dilution creates increasingly stringent ignition conditions (Figure 3.8).
This argument treated ζ as defined in Equation 3.1 as an independent variable.
PROCESS does not allow for direct control of the ratio of alpha confinement
time to energy confinement time; both confinement time terms are calculated
strictly during the course of evaluation and not determined upon commence-
ment of evaluation. Calculation of ζ was therefore possible, but it cannot be
controlled directly.
Other methods were thus devised in order to test the effect of ζ on igni-
tion. The N-dimensional parameter scanner was configured to scan the same
Stellarator seen in Figure 3.6 with maximal radius and BT . The parameters
which were varied were plasma density, temperature, and relative alpha con-
centration. From there, the confinement time of alpha particles and of energy
were extracted from the scan results, and values of ζ were then calculated
for each point of evaluation. Plots were generated in MATLAB showing iso-
contours of ζ for plasmas with increasingly higher fractional concentration of
alpha particles.
3.3.3 Plots and Discussion
Figure 3.9 show illustration of this study. Values of ζ were found for each al-
pha concentration which roughly corresponded to the ignition window. Reiter
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showed how increasing alpha dilution makes ignition occur at higher densities
and temperatures. Figure 3.9 shows how the closing ignition window is corre-
lated with values of ζ. This represents a successful reproduction of the result
from [7] seen in Figure 3.8.
Because PROCESS cannot control ζ directly, contours of ζ were searched
in order to find values which corresponded best with the ignition window. This
method of studying the effects of ζ on ignition is different from Reiter et al’s,
but this is due to limitations of PROCESS on what parameters can be input.
As seen in the POPCON plots in the previous section, unfeasible operating pa-
rameters were found at the extrema of density and temperature which simpler
models (like those employed in [7]) do not detect. However, despite approach-
ing the same question in a fundamentally different way, agreement in results
was achieved.
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Figure 3.9: A POPCON plot describing one machine with four different plasma
concentrations of α particles are seen above. An isocontour of ζ is shown on
each plot, with the value of ζ indicated on the title.
Chapter 4
Conclusion
The function of PROCESS was extended through the development of the N-
dimensional parameter scanner. The goals of the development were to provide
a tool which would integrate into the existing library of PROCESS utilities,
be usable by a diverse group of users, and to produce flexible output. These
goals were all met successfully.
Preliminary system studies results were also obtained during the course of
the project. POPCON plots similar to those in the literature for Stellarators
were generated, a first for PROCESS. Further, the ability of PROCESS to
model plasma dilution was compared to a canonical study [7] and found to
be in agreement. These proof of concept results show that the N-dimensional
parameter scanner has strong potential as a tool for researchers in both systems
studies and also validation/verification benchmarks.
All of the plots in this document were generated using MATLAB and the
NetCDF files output from the N-dimensional parameter scanner. Feedback
from the author’s advisor confirmed that the NetCDF file is easy to work with
and serves as a good facilitator of analysis and visualization.
In conclusion, a valuable tool for the systems code PROCESS
was collaboratively designed, iteratively developed, and has already
demonstrated its potential for use in systems studies and modeling




Regular meetings over video conference with the CCFE group were enormously
helpful in getting feedback on overall design. The N-dimensional parameter
scanner owes much of its efficiency to a close integration with the PROCESS
Python libraries, aided by close e-mail correspondence and support. Great
efforts were made to complete a working draft of the code which produced the
intended final function very early in the summer. Thanks to the commensu-
rate efforts by the CCFE team to provide specific feedback on the form and
function of the scanner, feedback on the new user experience was available
for a substantial part of the project’s development cycle. The tool and docu-
mentation have been re-written accordingly to provide the smoothest possible
new user integration, and it is anticipated that the N-dimensional parameter
scanner will be used by PROCESS users worldwide in the coming months.
I would like to thank again the DAAD-RISE team and Alumni Group,
for funding my work this summer. Gratitude is extended to the CCFE team,
Andreas Dinklage, and Robert Wolf for their incredible guidance and support
on the big-picture direction of the project. Last but absolutely not least, I
extend the greatest gratitude to my supervisor, Felix Warmer, for his feed-
back, support, patience, and for creating the project which is described in this
document in the first place.
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